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Abstract

The thermochemical conversion of spent coffee grounds (SCG) under inert and oxidative conditions
was comprehensively evaluated as a feasible valorisation route for this biomass. Dynamic
thermogravimetric assays were carried out at different heating rates, where the individual contribution
of the pseudo-components (hemicellulose, cellulose, lignin) was assessed by a deconvolution approach
with Lorentz curves. The Kinetic triplet, constituted by the apparent activation energy (Ea), the pre-
exponential factor (A) and the model of reaction (g(a)), was defined for each pseudo-component through
the application of iso-conversional methods, Master-Curves and Perez-Maqueda criterion. Under an
inert atmosphere, the devolatilisation of humidity, decomposition of hemicellulose, cellulose and part
of lignin, and finally the completion of lignin were identified, resulting in a remaining percentage of
20% of biochar. For hemicellulose, E. was 217 kJ-mol?, for cellulose 214 kJ-mol?, and lignin 151
kJ-mol . Under oxidative conditions, analogous mass-loss stages were found, with the only difference
being that biochar was decomposed until only ash (~2%) was obtained as residue. The advantage of
using SCG as biofuels, with a high LHV and HHV (=20 MJ-kg™?), was thus demonstrated. The E, for
the hemicellulose was 194 kJ-mol™, for cellulose 147 kJ-mol*, and for lignin was 173 kJ-mol™. Similar
decomposition paths were found regardless of the atmosphere for hemicellulose (F2), hemicellulose
(Ds), and lignin (Fx4), which suggests that the temperature, the reactant concentration, the particle shape
and the diffusion of products control the decomposition of SCG during non-isothermal pyrolytic or

combustive thermochemical processes.
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1. Introduction

The use of renewable products in the energy field can offer alternatives to fossil fuels to meet the
growing energy demand from a sustainable perspective. The energy valorisation of biomass is a
promising alternative, although it requires an in-depth evaluation of feedstocks, pre-treatment or
fractionation [1]. Biomass is the oldest renewable energy source for humans and covers an essential role
in the strategic push for sustainable development [2,3]. Lignocellulosic biomass (LCB), with a global
annual production of 181.5 billion tonnes [4], is a natural, directly available, cheap and renewable
feedstock composed of cellulose, hemicellulose and lignin, with variable relative percentages depending

on the type, species, and origin of the biomass [5].

Biomass can come from forest residues and industrial or agri-food by-products. This is the case of the
spent coffee grounds (SCG), which are the primary wastes from the coffee industries. In numbers, 1 ton
of green coffee generates about 650 kg of SCG during coffee drink production [6]. In addition, for the
production of soluble coffee, about 2 kg of wet SCG are obtained for every 1 kg of soluble coffee
produced [7,8]. This represents a worldwide annual production of SCG of close to 6 million tons. SCG
are characterised by fine particle size, humidity, organic load and acidity [9]. Such acidity particularly
results from the preparation of soluble coffee, where raw coffee powder is treated with hot water or
steam. Although the disposal of SCG at landfills is discouraged, it is still practised in most developing
countries worldwide. Apart from landfilling costs, the leachate generated by SCG can deteriorate the
soil and groundwater. Besides, SCG contain many recalcitrant compounds, such as caffeine, tannins,
and polyphenols, together with the production of methane during its decomposition [10,11], which
encourages searching for alternatives to landfill. In this regard, the reuse of SCG is becoming an
expanding field, converting them into value-added products convenient from an environmental and

economic perspective [12].

The circular economy principle involves that industrial wastes may be reused as raw materials for new
processes while guaranteeing the overall reduction of waste, generating economic benefits, and

decreasing the environmental impact [13]. Applied to SCG, they can be materially valorised as a source
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of biochemical nutrients, antioxidants or polysaccharides with immunostimulatory activity, soil
amendment in agriculture, heavy metal or CO, absorbent, or filler to prepare biocomposites, among
others [14-20]. Even though the high lignin content may prevent its direct application in food, the
improvement of extraction methods allowed for obtaining bioactive compounds for the pharmaceutical
industry [21]. SCG have also been explored from an energetic perspective to get biodiesel, bioethanol,
bio-ethers, bio-oil, biochar, and biogas [22-27], also considering anaerobic digestion strategies [28].
Finally, the thermochemical conversion of SCG stands as a promising route for obtaining gas, liquid or
solid biofuels and bioenergy. Pyrolysis and combustion are considered among the best processes for the
thermochemical conversion of SCG, both as pure feedstock [29-38] or in combination with other

organic residues [39-43].

In environments with a total absence of oxygen, except for cases where partial combustion may supply
the thermal energy necessary for the process, the non-exothermic decomposition pyrolytic process
involves biomass's thermal conversion into gas, liquid, and solid at temperatures above 300-400 °C
[44-46]. Thermal decomposition reactions involve chain breakages, molecular weight reduction, and
recombinations of chemical bonds to form new compounds used as biofuels or chemical inputs. From
this reaction, by-products involve (i) pyrolytic gas (volatile matter) composed mainly of carbon
monoxide (CO), carbon dioxide (CO.), hydrogen (H), light hydrocarbons, traces of other organic
components, and water vapour; (ii) bio-oil, a dark-coloured liquid, which originates from condensable
organic vapours; and (iii) biochar, a solid rich in carbon. The yield and properties of these products
depend on the nature of the raw material, the type of reactor, and the operating conditions (temperature,
heating rate, or vapour residence time). The thermal decomposition process of SCG has been recently
kinetically studied by Brachi et al. with a strategy for evaluating global decomposition in an inert
atmosphere [31]. Kelkar et al. also encouraged using SCG in pyrolysis pilot-scale as a waste-to-energy
opportunity and obtained high bio-oil yield enriched in higher-value fatty acids [33,47].
Complementarily, Pil Bok et al. assessed the fast pyrolysis of coffee grounds and studied the

characteristics of product yields and biocrude oil quality [48]. In this line, Tsai et al. also assessed the
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fuel properties of biochar from the pyrolysis of exhausted coffee residue [49]. Finally, Fu et al. recently

assessed the effects of a previous torrefaction procedure on the pyrolytic performance of SCG [32].

Differently, when the fuel reacts with an oxidant, air or pure oxygen, an exothermic chemical
combustive reaction occurs, accompanied by heat production and chemical species conversion. In an
entirely oxidative reaction, fuel reacts with the oxidising element, and the products are oxidised
compounds of each pseudo-component of a given fuel. Competitive reactions occur ascribed to
oxidative and/or thermal sub-processes during the global course. Heat and electricity are two principal
forms of energy derived from biomass thermo-oxidation. While industrial heating is produced by steam
generated in biomass-fired boilers, producing electricity usually involves biomass combustion and a
steam turbine. Therefore, this thermochemical process pursues converting chemical energy contained in
the fuel into sensible heat [1,50,51]. According to the International Coffee Organization (ICO), SCG
can be used in boilers as a combustible material thanks to their high calorific value and direct energy
source [52]. Fresh SCG include water content between 55 and 80% so that for converting them into an
energy source, moisture content must be below 12.5% [53]. This ensures safe storage, reduces
transportation weight, removes odours and reduces the possibility of microorganism growth [54]. In this
line, Tun et al. deeply evaluated the drying process of SCG for being used as a renewable energy source
[54]. Complementarily, Ciesielczuk et al. explored the possibility of converting SCG into briquettes and
using them as a source of energy in combustion processes [55]. Limousy et al. studied the gaseous
products and particulate matter emissions of residential biomass boiler fired with pellets of SCG [36,37].
Other studies testing the combustion of SCG [35,38,42] and mixed pellets of SCG and sawdust [41] in

pilot-scale boiler plants may also be mentioned.

For both pyrolytic and combustive processes, understanding the progression of decomposition-reaction
and the dependence of the rate on process parameters is crucial, and can be achieved by conducting a
kinetic study from thermogravimetric analysis data [56-58]. The knowledge of kinetic parameters such
as activation energy, pre-exponential factor, and reaction model is vital in designing and optimizing

pyrolysis or combustion reactors, predicting material lifetime, CFD modelling, and establishing process
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conditions. For complex biomass mixtures, where the nature of the reaction changes during progression,
isoconversional methods are ideally suited to determine activation energy, which assume that at a
constant activation energy value, the rate of reaction is a function of temperature only [59,60].
Isoconversional methods consist of several differential and integral methods, including the Friedman
method [61], Flynn-Wall-Ozawa (FWO) method [62], Kissinger-Akahira-Sunose (KAS) equation [63],

and others [64-67].

Even though some of the previously referenced studies explored the use of SCG in thermochemical
conversion processes under inert or oxidative environments in pyrolytic or combustive processes,
respectively, there is a lack of studies in the literature dealing with a comprehensive comparative
evaluation of the particular decomposition courses of the different pseudo-components in the SCG.
Considering biomass decomposition as a one-step reaction is unsuitable, especially when the apparent
activation energy varies with conversion, representing a complex performance involving mechanism
changes which are hard to be determined [68]. Therefore, this study pursues the novel aim to fill the
knowledge gap of assessing the individual and separate kinetic performance of the main constituents of
SCG, i.e. hemicellulose, cellulose and lignin, under simulated pyrolytic and combustive environments
using thermogravimetric analysis (TGA). For this purpose, the particular objectives of this study are to
(1) evaluate thermal and thermo-oxidative decomposition of SCG during dynamic experiments
involving non-isothermal multiple heating, (2) deconvolute the DTG curves using Lorentz curves for
separating the contribution of hemicellulose, cellulose and lignin, (3) approximate the activation energy,
the kinetic function and the pre-exponential factor through a systematic and comparative strategy for
determining the kinetic parameters for SCG. These analyses define the kinetic models of such reactions,
which are essential knowledge for optimising the design of pyrolysis or combustion process reactors

that allow for appropriate thermochemical conversion.
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2. Materials and methods
2.1. Spent coffee grounds (SCG)

The analysed spent coffee grounds (SCG) were the residue generated after the preparation of the coffee
drink by filtering the coffee powder with hot water at ~80 °C. The SCG were left for water draining at
~20 °C overnight and subsequently dried in a Heraeus LUT6050 convection oven at 105 °C for 2 h to
remove moisture [54]. The microscopic structure of the studied SCG, with a heterogeneous morphology
and a maximum particle size of 250 um (sieved through a 60 mesh), is shown in Figure S1 of the

Supplementary Material.
2.2. Proximate and ultimate analyses

Ash (A), volatile matter (VM), and moisture (M) contents of the SCG were measured according to the
standardised procedures described in ISO 18122:2016 (Solid Biofuels — Determination of ash content)
[69], ISO 18123:2016 (Solid biofuels — Determination of the content of volatile matter) [70], and 1SO
18134-1:2016 (Solid biofuels — Determination of moisture content — Oven dry method — Part 1: Total
moisture — Reference method) [71], respectively. The fixed carbon (FC) was determined by the
difference between these values, according to Equation 1. Moisture content was determined after drying
in a Heraeus Vacutherm oven, while volatile matter and ashes were determined with the aid of a Thermo

Heraeus M-104 muffle furnace, all of them carried out in triplicates.

FC(%) =100 —M (%) — VM (%) — A (%) (1)

The ultimate analysis of SCG in terms of Carbon (C), Hydrogen (H), Nitrogen (N), Sulphur (S), and
Oxygen (O) was determined using a CHNS-O Thermo Flash 2000 elemental analyser, operating at 900
°C in an atmosphere of pure oxygen. The oxygen content was calculated by the difference on a dry and

ash-free basis according to Equation 2.

0(%) = 100 — C(%) — H(%) — N(%) — S(%) )
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2.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was conducted to characterise the biomass's thermal and thermo-
oxidative decomposition process under simulated pyrolytic and combustion conditions. The analyses
were performed on a Mettler Toledo TGA/SDTA 851 module. Samples of approximately 7 mg were
heated on alumina crucibles with a capacity of 70 pL. The experiments were performed in the
temperature range from 25 °C to 800 °C at a heating rate of 2, 5, 10, 15 and 20 °C-min%, under inert and
oxidative atmospheres of argon and oxygen, respectively, at a gas flow rate of 50 mL-min™. The
obtained results were evaluated using the STARe 9.10 software. At least three specimens per sample

were analysed, and the averages were considered representative.
2.3.1. Deconvolution: multiple peak fitting

During thermogravimetric analysis, pseudo-components' decomposition and subsequent degradation
by-products can occur. These processes can be grouped into (i) volatilisation and (ii) char-forming
reactions. Even though these processes can occur separately for each component of a given material,
they usually coincide, provoking overlapping and preventing the separated study of each component. In
this regard, deconvolution allows separating the whole curve into several sub-processes correlated to
the decomposition of different pseudo-components. This strategy is usually applied in the first derivative
thermogravimetric curve (DTG) and assumes that the experimental curve is the sum of the individual
curves, in which the reactivity of the decomposition regions is proportional to the height of the DTG
peak [72]. Moreover, this analysis accepts that the decomposition of each component happens in a single
stage, according to the reported temperature ranges for the degradation of hemicellulose, cellulose, and
lignin. These assumptions do not produce significant deviations from the reality of the thermal

decomposition of lignocellulosic biomass [73].

The model curves are meant to reproduce the experimental DTG curve by minimising the differences
between their ordinates through a criterion such as least-squares [74]. The most common among the
theoretical functions are the symmetric Gaussian, Lorentz, Laplace, and Pearson VII, and the

asymmetric Suzuki-Fraser or Asymmetric Double Sigmoidal functions [75-80]. Although the use of
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asymmetric functions may be more representative of reality, in this work the authors found difficulties
in obtaining reliable results that were kinetically consistent at the different heating rates when applying
asymmetric functions. The close confluence and simultaneous overlapping of the decomposition
processes of the pseudo-components in the thermogravimetric made it a challenging task to set the
appropriate shape analysis of the kinetic curves, and therefore to separate their contribution to the overall
curve. Therefore, after a prior testing and optimization process, this study proposes deconvolution using
the multi-peak Lorentz fitting method, showing the best fitting results. According to previous reports in
the literature for the composition of spent coffee grounds [10,81,82] and its thermal decomposition
[23,24,48], the overlapping peaks were separated into five sub-peaks, corresponding to water,
hemicellulose, cellulose, lignin, and char. The fitting was performed, therefore, by optimisation of three
parameters: centre (xc); amplitude (A); and width at half of the maximum height (w), according to

Equation 3.

y=y+2 -

T 4(x—xc)2+w?

3)

where x is the independent variable, and yo is the initial value of the Lorentz function at Xo.

2.4. Kinetic analysis of the thermal and thermo-oxidative decomposition of biomass

Kinetic analysis is characterised by the definition of kinetic triplet, involving the activation energy (E.),
the pre-exponential factor (A), and the kinetic function (f{a)) of a given process. The thermal
decomposition rate involves the contribution of the reactant concentration and the reaction rate (k),
depending on the absolute temperature. The Arrhenius equation describes the reaction rate (k), while the
reactant concentration in the thermal decomposition process is represented in terms of mass loss at every
time (w). This reactant concentration can also be defined by the conversion degree («), equal to the ratio
between the sample mass lost at a time t and the sample mass lost at an infinite time or total mass loss.
The Arrhenius equation, the kinetic equation, the decomposition degree, and the rate equation are all

reported in Table 1, where R is the universal gas constant; T is the absolute temperature; E, is the

10
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activation energy; A is the pre-exponential factor, assumed independent of temperature; w is the actual

mass of the sample (at time t); wo is the initial mass of the sample; and w.. is final mass of the sample.

Table 1. Equations applied to determine the final rate equation.

Arrhenius equation

k(T) = 4 - (7D )

Kinetic equation

dw Eq
Ez—w-A-e(ﬁ) (5)
Decomposition degree (o)
_ (1)0 — W
a= wo - (1)00 (6)
Rate equation
da Eq
i f(a)-A- e(‘ﬁ) )

2.4.1. Calculation of the apparent activation energy

The activation energy (Ea) can be calculated by adopting differential and integral models based on the
analysis at multiple heating rates, assuming the given Kinetic function and mathematical treatment of
the general kinetic law. Differential and integral approaches were applied in this study to determine the
activation energy, using data from different multi-linear dynamic experiments and avoiding model
assumptions for the analysis. These strategies approximate the value of the activation energy for a given
a and are called iso-conversional methods. In this work, integral methods proposed by Flynn-Wall-
Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS) were considered, while the differential method

given by Friedman was applied, all of them shown in Table 2 [62,63,83].

11
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Table 2. Integral and differential expressions used for the calculation of the activation energy.

Flynn-Wall-Ozawa (FWO)

log§ =1 Ea-A as 0.457 - Ea @®

og og—— . -

Integral R-g(a) R-T

methods Kissinger-Akahira-Sunose (KAS)
: 5) (AR Ea 1 o
n(TZ n(Ea-g(a))_?'T ©)

Friedman

Differential da 1

method < > — = 10
In(——)=In(4-f(0)) - — = (10)

2.4.2. Analysis of kinetic function

Master-Plots (MP) were used to estimate the kinetic function. This method uses theoretical curves
independent of the kinetic parameters of the process but depends on the kinetic model. Obtaining
appropriate kinetic models requires transforming the TGA data into experimental curves (MP¢) and
comparing them with the theoretical MP. Although there are theoretical reference curves based on the
differential form (MPs) and the integral form (MPg), the combination of both differential and integral
forms (MPy,) of the generalised kinetic equation was considered. As described by Criado, these curves
are usually reduced considering the factor «=0.5 to obtain a better visualisation [84]. Then, the kinetic
analysis can be carried out with a single-step kinetic equation, considering the activation energy found
using the iso-conventional methods previously described. The inverse integral kinetic function g(a) can

be obtained by developing the integral of the rate equation, as shown in Equation 11.

_(xda _AE; (e - AEa
g(a) fo f(a) BR fo xz - p(X) (11)
— Ea. _ nx(1-n) L .
where x = o and p(x) = an+2 e D) is the Senum and Yang approximation, which was

truncated in the fifth term, leading to a good approximation for the exact temperature integral for x>10
[85]. By plotting the experimental curves (MP.) at different «, it is possible to graphically compare and

correlate with the theoretical master curves.

12
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To determine the rate equation, it is essential to underline that f{) depends on the degradation reaction

pathway. In this regard, Table 3 provides some examples of the most commonly used differential f{o)

and integral g(a) functions for thermal and thermo-oxidative decomposition models of a full-scale

system [86]. In these equations, mass and heat transfer limitations are absent since they result from a

simplified reaction pathway, in which only the behaviour of the reaction in terms of intrinsic Kinetics is

considered, and not the whole complex network of reactions that characterises each reaction phase.

Table 3. Algebraic expressions for the most applied differential f{e) and integral g(a) functions of solid-state

processes.
Symbol f(a) g(a) Solid-state processes
Sigmoidal curves
Nucleation and growth
A 21 — &)[-In(1 — )]? “In(l — o)1z S
2 ( 0= In( ] [~In(1 — a)]2 (Avrami equation 1)
N -1 1 Nucleation and growth
As 31 — Dl=In( - )] [~=In(1 = I3 (Avrami equation 2)
Nucleation and growth
A 41 — &)[-In(1 — )] “In(l — )] S
‘ ( @)= In( Ll [~In(1l — a)]* (Avrami equation 3)
Deceleration curves
Phase boundary controlled
R1 1 a reaction (one-dimensional
movement)
1 1 Phase boundary controlled
R — o)z 1 —In(1 — a)2 . .
2 2(1 @)? [ n( @ ] reaction (contracting area)
2 1 Phase boundary controlled
R — )3 — — a)3 . .
3 3(1 — @)3 [1 @ - o ] reaction (contracting volume)
1
D1 — a? One-dimensional diffusion
(2a)
_1 . ] . .
D. m A@-aoh(l —a)+a Two-dimensional diffusion
2
31 —a)3 112 . . e
Ds —_— [1 -1 - a)3] Three-dimensional diffusion
2[1 -1 -a)3]
3 1 2 2 . . . .
D4 > [((1—-a)3—1] [1 - §a] —(1-a)3 Three-dimensional diffusion
Random nucleation with one
F 1—«a —In(1 — a) nucleus on the individual
particle
) 1 Random nucleation with two
F, 1 - —_— . L .
1-a nuclei on the individual particle
F 1 . 5 1 Random nucleation with three
3 20— (1 - a)? nuclei on the individual particle

13
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2.4.3. Analysis of pre-exponential factor

The last step for the kinetic analysis involves determining the pre-exponential factor (A). For this
purpose, the Perez-Maqueda criterion (P-Mc) must be satisfied [87]. This includes the independence of
the activation parameters E, and A with respect to the heating rate () and must be assessed with the

Coats-Redfern expression shown in Equation 12 [88].

e (12)

Eq 1
Ea R T
Once calculated the activation energy from iso-conversional methods and known the reaction model

using master plots, the best n order of the kinetic model was established by minimising Equation 13.

d (In(Bi'T~*-g(a))
(-R)- S (bl o@) g | @3

T-1

§ma)=3"

The points with the best n must be on the same straight line for all heating rates. The pre-exponential
factor (A) is consequently the average of the values Ag from the intercept at y=0 of the Coats-Redfern

equation.
3. Results and discussion
3.1. SCG biomass characterisation

Table 4 presents the proximate analysis, ultimate analysis, and calorific value of SCG. It was
demonstrated that the applied drying procedure at 105 °C for 2 h reduced moisture to nearly 11% for
using SCG as an energy source, as recently proven by Tun et al. [54]. The high volatile matter content
can be highlighted, with a percentage close to 95% and a low ash yield of nearly 2%. The ultimate
analysis reveals a high carbon and oxygen content, which confirms the lignocellulosic nature of SCG.
The high percentage of carbon (~50%) also implies high calorific values (HHV and LHV close to 20
MJ-kg?), which points out the convenience of using this biomass as a sustainable source for energy
production in thermochemical conversion processes. It should also be noticed that the nitrogen's low
content (<3%) reduces the possibilities of production of NOy compounds during combustion, which,

together with all the mentioned results, encourages the use of this material for bioenergy production. All

14
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these results align with what has been reported in other studies dealing with powder and pellets of SCG

[19,25,32,33,37—-40,44,48,49,89].

Table 4. Proximate analysis, ultimate analysis and calorific value of SCG [44].

Proximate analysis

Moisture (%) 11.37 £ 0.08
Ash yield (%) 2.24+0.58
Volatile matter (%) 93.84 + 0.58
Fixed Carbon (%)* 3.92+£1.06
Ultimate analysis
N (%) 2.79+0.08
C (%) 49.18 + 0.05
H (%) 6.52+0.29
0 (%) 41.51 +0.42
H/C 0.13+0.01
o/C 0.84 +0.01
Calorific value
HHV (MJ-kg?) 20.46 + 0.11
LHV (MJ-kg?) 19.25+0.35

3.2. Thermal decomposition under inert conditions

The thermal stability of SCG under inert conditions was first assessed, and the obtained
thermogravimetry (TG) and its first derivative (DTG) curves are shown in Figure 1. During heating, the
TGA thermograms revealed a progressive decreasing trend during multiple mass-loss stages until a
constant mass was reached. These mass loss regions can be correlated to the release of humidity
followed by the depolymerisation and thermal decomposition of the pseudo-components of
lignocellulosic biomass. Particularly for SCG, although degradation of several low-molar mass organic
compounds, including proteins, fats or polysaccharides, can occur in the beginning, the stages of
hemicellulose, cellulose and lignin degradation could be identified [23,24,48]. In detail, the initial mass
reduction with a contribution of ~7% from 25 °C to 175 °C is related to free and bound moisture
vaporisation [90,91]. This stage is followed by the decomposition of hemicellulose, occurring in the
temperature range from 160 °C to 300 °C, with a mass loss of ~34%. The cellulose decomposition arises
between 300 °C and 340 °C, with a mass loss of ~12%. Finally, the lignin decomposition appears

between 340 °C and 420 °C with a ~13% mass loss. Indeed, in the range from 150 to 500 °C,
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dihydroxylation, demethoxylation, depolymerisation, fusion and degradation by breaking and releasing
functional groups have been reported, revealing that the pyrolytic degradation of lignocellulosic biomass
occurs through a set of complex reactions involving both physical and chemical inter and intra-particles
phenomena [58]. The last decomposition, related to the char, is above 430 °C and continues slowly until
550 °C. At the end of the analysis, a blackish residue (R) with a mass percentage of ~20% may be
ascribed to the remnant biochar containing fixed carbon and ash. All these stages are in line with

previous reports for the pyrolysis of lignocellulosic biomass [40,56]

100 4 : B
-k‘_ 2 °C/min
90+ ——5°C/min
80 —10 "‘Cﬁmin
] ! —— 15 °C/min
70 1 B ——20°C/min
60
’\;‘ J
< 50+
w
Z J
40+
= ]
30
204
10 A
0 Inert atmosphere
0.1
1] Moistre  Hemicellulose Lignini Char __ Cellulose
//)
0.0 g
N _%
-02 -
) -0.34
-y ]
E:/ -0.4 4
= ]
g -0.54
S 064 4
o 2 °C/min
0.7 5 °C/min
] —— 10 °C/min
-0.84 ] — 15 °C/min
1 Inert atmosphere 20 °C/min
B e e S o o e S M S O S L B e e e e e e ey e e

50 100 150 200 250 300 350 400 450 500 530 600 650 700 750 800

Temperature (°C)

Figure 1. Thermogravimetric thermograms (TG) and their first derivative traces (DTG) of SCG under an inert

atmosphere at 3 2, 5, 10, 15, 20 °C-min‘%,

A detailed characterisation of the thermal decomposition process was considered, assessing the peak

temperature (Tp) and the mass loss percentages (Am) for the different processes, along with the onset
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and endset degradation temperatures (To, Te) for the principal mass loss stage. All these results are
gathered in Table 5, and are in line with what has been reported in the literature for the pyrolytic
decomposition of hemicellulose, cellulose and lignin in lignocellulosic biomass [76,92], spent coffee

grounds [24,31,43] and other coffee-related biomass [50].

Table 5. Onset and endset degradation temperatures (To, Te), residue (R) and peak temperature (Tp) and mass
loss percentages for the different noticeable decomposition stages (Am) obtained at 2, 5, 10, 15 and 20 °C-min-

1 under an inert atmosphere.

B - Water H_I(fmicellulose TCeIIquse - Lignin R T, T,
8 A 0 Amo 1 Am1 2 Am 3 Am3 o .
Cemin) eo) ) Q) ) (0 @) o @ P O (¢
57.0 6.6 280.1 34.7 311.9 11.2 349.6 10.1 22.2 2459 478.7
70.1 7.0 292.4 355 323.8 9.8 374.1 11.3 23.1 256.5 482.6
10 804 75 301.8 345 334.3 12.1 386.3 13.6 20.5 264.9 508.9
15 90.4 7.3 306.4 32.4 - 14.6 395.7 135 20.9 269.9 512.3
20 88.9 6.8 310.7 33.6 - 14.5 401.4 135 20.7 272.8 521.7

In kinetic terms, when the heating rate increased, the decomposition ranges for all the stages were
generally widened and moved towards higher temperatures. Nevertheless, the main thermal profile
remained constant regardless of the heating rate, implying a similar degradation performance, as already
found for the pyrolysis of SCG [31]. Faster heating limited heat transfer processes and, therefore, peak
temperatures in the DTG curves increased [59,90,93]. Moreover, high heating rates reduce the time
interval to which the sample is subjected at a given temperature, and consequently, less conversion
occurs. Particularly for SCG, it was suggested that a lower heating rate allows for a higher yield of
biochar, while higher rates enhance bio-oil production [31]. In terms of pseudo-components, their peak
temperatures could be identified at low heating rates (2, 5, and 10 °C-min). Nevertheless, higher
heating rates (15 and 20 °C-min™) merged the peaks of cellulose and hemicellulose, as found in other
studies dealing with the pyrolysis of lignocellulosic biomass [94]. For a graphical interpretation of the
contribution of the heating rate, the onset and endset temperatures (To, Te) and peaks for hemicellulose
(Tp), cellulose (Ty2), and lignin (Tys) are plotted in Figure 2 as a function of the heating rate. This

representation shows that the zero-decomposition temperature (ZDT) can be calculated when the heating
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rate tends to zero. This evaluation allows for predicting the thermal behaviour of a given biomass for a
virtually null heating rate, avoiding the influence of the dynamic heating program. For this purpose, the

exponential relationship shown in Equation 14 may be considered, where a, b and k are the fitting

parameters.
a
ZDTB) = Trpowr (14)
700
600 -
1zpr T
500 |
o~~~ '
S :
<
£ 400 | [ ..
5 = A
] -y
g' A A A p2 (eellulose) pl (hemicelhulose)
5 300 | A @ o @ @
= e - T T e et
LR Bl T
200 |
' Inert atmosphere
W————r——T 7T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20 22 24 26
B (°C-min™)

Figure 2. Evolution of the characteristic decomposition temperatures To, Te, Tp1 (hemicellulose)s Tp2 (cellulose), aNd Tpa

gignin) at B of 2, 5, 10, 15, 20 °C-min* under an inert atmosphere.

The obtained ZDT values are reported in Table 6 for all the studied parameters with regression
coefficients above 0.97. Overall, when B tends to zero, the onset temperature for the thermal
decomposition of SCG was 237 °C, the degradation of the hemicellulose starts at 271 °C, that of

cellulose at 301 °C, lignin at 332 °C and the endset of the pyrolytic process was estimated at 470 °C.
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Table 6. ZDT values (8 — 0) along with the fitting parameters (@, b and k) and regression coefficients for the

onset (T,), endset (Te), hemicellulose (Ty1), and lignin (Tps) decomposition temperatures under an inert

atmosphere.
ZDT(S@)—> 0) a b K R?
Onset (To) 237.2 2745 0.16 0.15 0.99
Hemicellulose (Tp1) 271.5 311.9 0.15 0.16 0.99
Cellulose (Tp2) 301.5 347.2 0.15 0.14 0.99
Lignin (Tp3) 332.3 401.6 0.21 0.19 0.97
Endset (Te) 470.7 533.7 0.13 0.09 0.99

3.2.1. Kinetic triplet for the thermal decomposition

The kinetic analysis of the thermal decomposition involved the calculation of the kinetic triplet, i.e.
activation energy (E.), the kinetic function (g(e)), and the pre-exponential factor (A) for the

decomposition of the pseudo-components of the SCG.

As shown in the thermogravimetric thermograms, the decomposition of the hemicellulose, cellulose and
lignin coincide in a given temperature range and are overlapped to a certain extent. In such situations,
auxiliary deconvolution modelling strategies help evaluate the pseudo-components' decomposition and
define the individual modelled processes with their particular mass loss and temperature ranges.
Although several symmetric and asymmetric functions were explored, Lorentz functions with a
symmetric shape better represented the obtained experimental behaviour. The multi-peak fitting strategy
for the DTG curves at 2, 5, 10, 15, and 20 °C-min‘ resulted in high-reliability values of R? above 0.98.
For demonstration purposes, the modelling of the experimental results at 2 °C-min is shown in Figure
3a, where five different peaks were identified, corresponding to moisture, hemicellulose, cellulose,
lignin and char. The deconvolutions for the other heating rates are plotted in Figure S2 of the
Supplementary Material. While deconvolution of the peaks for the hemicellulose, cellulose and lignin
could be easily performed for all the applied heating rates, the char decomposition could be conveniently
evaluated particularly at lower heating rates such as 2, 5 or 10 °C-min. Higher heating rates reduced
the intensity and widened the appearance of the DTG peak for the char volatilisation, which has been

reported to affect the competitive pathway between the endothermic reactions of the primary biomass
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decomposition to volatile compounds and the vapour-solid interactions that lead to secondary char

formation [95].
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Figure 3. Lorentz-modelling of the thermogravimetric experimental results at a heating rate (B) of 2 °C-min™ (a)
and individual decomposition process for the pseudo-components and char at all heating rates (b) under an inert

atmosphere.

After deconvolution, integration allowed obtaining the relative contribution of each pseudo-process, as
shown in Figure 3b. Subsequently, the iso-conversional methods proposed by Friedman, Flynn-Wall-
Ozawa (FWO), and Kissinger-Akahira-Sunose (KAS) were applied as a function of the conversion
degree (). From a global perspective, the induction period happens below 250 °C, while above 400 °C,
the complex decomposition of char takes place. Besides these complex regions, given the overlapping
decomposition of the different pseudo-components in their initial and/or end stages, avoiding the
analyses in such conflictive areas may allow for higher reliability. Therefore, the investigation was
focused on the region where the conversion curves exhibit a virtual parallel shift towards higher

temperatures when the heating rate increased (a from 0.2 to 0.8), as indicated in Figure 3b.

Figure 4 shows the linearized plots for hemicellulose, cellulose, lignin and char for the three iso-
conversional methods. The activation energy (Ea) at each conversion degree was determined considering
the slopes of the tendency lines drawn for each set of points at different heating rates. The calculated Ea
values are plotted in Figure 5 as a function of the conversion degree. The representation of E. shows

progressive decreasing or increasing linear variations as a function of the conversion degree. First, the
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E. revealed a slightly increasing tendency for the hemicellulose, followed by a smooth linear decreasing
behaviour for the cellulose, and a tiny growing performance for lignin, while for char it first slightly
increased and then decreased. The variation of activation energy with conversion has been reported
before for SCG [31] and other lignocellulosic biomass [96-99] and can be justified by the different
chemical reactions that occur during the decomposition of a given pseudo-component, which are
dependent on the temperature and, therefore, may be altered with the advance of conversion, resulting
in a multi-step reaction. Moreover, the coupling and cooperation of the decomposition processes for the
different pseudo-components can determine such variation. Indeed, Brachi et al. recently reported the
coexistence and competition of heat transfer, chemical transfer and mass transfer that results in a
sequential combination of competitive, independent or cooperative phenomena during SCG pyrolysis
[31]. Complementarily, the iso-conversional methods adopted for calculating E, depend on the selected
decomposition temperature ranges, which are not constant with p. Indeed, observing Figure 4, one can
see that for hemicellulose and lignin, the degradation temperature ranges become broader when
decreasing the heating rate, while for cellulose, the degradation temperature ranges become narrower
for lower heating rates. Considering that each tendency line corresponds to a value of a, for the cellulose,
the slope decreases from a2 t0 aos resulting in a lower value of Ea, while for the hemicellulose and

lignin, the slope increases from o2 t0 ao.s implying a higher value of E..

The average values of apparent activation energy for the different components calculated with the
Friedman, FWO and KAS methods together with the mean value are gathered in Table 7. The mean
value of E, for the hemicellulose was around 217 kJ-mol?, which remains within the range of the
reported values in the literature [50,100,101]. For the cellulose, the mean value of E, was around 214
kJ-mol* and complied with the published values for cellulose decomposition under pyrolytic conditions,
ranging between 195 and 235 kJ-mol* [102,103]. Furthermore, lignin revealed an average E, of 151
kJ-mol?, aligned with different sources that reported values between 130-160 kJ-mol* [104-106].
Finally, Ea for char was around 152 kJ-mol. These results were also coherent with those given for the

pyrolysis of SCG calculated considering the study of conversion for the whole thermochemical process
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[31]. Other studies evaluating the pyrolytic process as a whole also revealed comparable results and

demonstrated the possibilities of reducing the activation energy for the pyrolysis of SCG applying, for

instance, a torrefaction procedure [32].
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Figure 5. Evolution of apparent activation energy in the range of a from 0.2 to 0.8 calculated with different iso-

conversional methods for the hemicellulose, cellulose, lignin and char under an inert atmosphere.

Table 7. Average values for the activation energy (Ea) obtained with the different iso-conversional methods for

hemicellulose, cellulose, lignin and char under an inert atmosphere.

Friedman FWO KAS
EaFriedman Earwo Eakas Ea_mea_?
(kJ-mol) RZ-mean (kJ-mol) R2-mean (kJ-mol) R2-mean  (kJ-mol?)
Hemicellulose 239 + 12 0.97 205+9 0.99 206 £ 10 0.99 217+ 15
Cellulose 226 £ 20 0.94 208 + 16 0.96 208 £ 16 0.96 214+ 8
Lignin 129+8 0.98 164 +9 0.99 161+9 0.99 151 +15
Char 150 £ 10 0.86 156 £ 9 0.90 152 £ 10 0.91 152+ 2

The evaluation of the kinetic models for the thermal decomposition was focused on the SCG pseudo-
components, i.e. hemicellulose, cellulose and lignin. First, a graphical evaluation was carried out using
reduced Master Plots. Figure 6 shows the experimental curves at a heating rate of 10 °C-min‘* (circles)
along with the theoretical g(a)/g(0.5) curves for the typical decomposition models of biomass (lines). It
was observed that all the thermal decomposition reactions were equivalent to the curve of F, or D, types.
A model between F;3 and F4 was considered for the hemicellulose, while for the lignin it was selected
the F, model. However, difficulties were found when assigning the model for the cellulose. The
experimental curve moved from a clear D3 pattern at low conversion to approaching F; models at
conversion above 0.7. In this regard, it is important to remark that, although the DTG curves were

precisely deconvoluted, the decomposition of hemicellulose and cellulose occurs certainly overlapped
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in a region that encompasses 75 °C, involving overlying up to conversions of 0.7 for cellulose. At low
and mid conversion for cellulose, the D; model may involve a solid-state process in which three-
dimensional diffusion happens between crystal lattices or with molecules that must permeate into lattices
where motion is restricted, altogether assuming spherical solid particles [86]. In diffusion-controlled
reactions, the rate of product formation decreases proportionally with the thickness of the product barrier
layer. A product layer may increase where the reaction rate is controlled by the movement of the
reactants to or products from the reaction interface. Certainly, at conversions over 0.7, where
hemicellulose was completely decomposed, the Fs model describes the solid-state process for cellulose
in which random nucleation with three nuclei on the individual particle can be understood. The Fj
models describe solid-state processes in which random nucleation with one, two, or three nuclei on the
individual particle occurs. Particularly, nucleation is the formation of a new product phase at reactive
points (nucleation sites) in the lattice of the reactant. Thus, the thermal decomposition of a solid produces
a new product and a gas at the nucleation sites of the initial reactant. The new nucleation sites grow, and
the growth rate could follow an order which depends on the type and nature of the solid reactants [107].
In F, models, the reaction rate is proportional to the concentration, amount or fraction remaining of

reactant(s) raised to a particular power (integral or fractional) which is the reaction order [86].

Even though the above-mentioned deviation was found in the reduced Master Plots for the thermal
decomposition of cellulose at higher a, the D3z was the model with the best correlation, in line with what
has been reported when assessing coffee silver skin cellulose's pyrolytic decomposition [50]. Other
studies dealing with spent coffee grounds jointly assessed the decomposition of hemicellulose/cellulose
as a single stage and assigned an F; model [40]. Altogether, for the models assigned in this work, good
compliance with the literature was found, where the decomposition of lignocellulosic biomass
components under inert conditions is identified as F, or D, type, with variations according to the kind

of biomass [40,50,108,109].
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Figure 6. Reduced Master Plots (lines) compared to the experimental decomposition process (circles) of

hemicellulose, cellulose and lignin at a heating rate of 10 °C-min-* under an inert atmosphere.

After the evaluation of the thermal decomposition procedure, the pre-exponential factor A was

approximated using the Coats-Redfern equation (Equation 12), and the optimal analytical n was

estimated for each pseudo-component. Figure 7 shows the plot of the In (B 7%(;")) Vs. @ at different
heating rates for hemicellulose, cellulose and lignin. The straight lines anticipated by the Perez-Maqueda
criterion confirm the appropriate fitting of selected models for hemicellulose (F4), cellulose (Ds) and

lignin (F2).
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Figure 7. Application of the Perez-Maqueda et al. criterion for the simplified kinetic triplet of hemicellulose,

cellulose and lignin at a heating rate equal to 2, 5, 10, 20, 30 °C-min* under an inert atmosphere.

Table 8 gathers the values for the Napierian logarithm of pre-exponential factor (Ln(A)), calculated
from the average of Az at the different heating rates (B), considering the most appropriate model and
analytical order (n) for hemicellulose, cellulose and lignin under inert atmosphere. The values of n
calculated with the regression method corroborate the graphical selection of the reaction models. The

obtained results for the pre-exponential factor A related to the cellulose and hemicellulose are slightly
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lower than in other lignocellulosic biomass, while those of lignin were, to some extent, higher [110].
Overall, the obtained error (e), which represents the average of absolute deviations from the mean in

each set of Ln(A4g) is very low, which validates the considered approach for assessing the kinetic triplet.

Table 8. Frequency factor A, reaction model, and analytical reaction order calculated by applying the Perez-

Maqueda criterion for hemicellulose, cellulose, and lignin under an inert atmosphere.

Ln(A) e (%) n-MP R? n-analytical
Hemicellulose 45.2 0.2 Fs-F4 0.989 3.7
Cellulose 41.9 0.2 D3 0.998 -
Lignin 26.6 0.3 F> 0.970 2.3

3.3. Thermo-oxidative decomposition under oxidative conditions

The thermo-oxidative decomposition of SCG was simulated through thermo-oxidative stability analyses
using dynamic experiments at different heating rates in an oxidative atmosphere. The obtained
thermogravimetric curves (TG) and their first derivative traces (DTG) are shown in Figure 8. From
these thermograms, the onset and endset degradation temperatures (To, Te), the peak temperature (Tp),

and the mass loss percentages for each stage (Am) were obtained, and values are gathered in Table 9.

Table 9. Onset and endset degradation temperatures (To, Te), residue (R) and peak temperature (Tp) and mass
loss percentages for the different noticeable decomposition stages (Am) obtained at § 2, 5, 10, 15 and 20 °C-min-

! under an oxidative atmosphere.

Hemicellulose

B Water + cellulose Lignin Char R To Te
(°C-min) Tpo Amo Tpt Amy Tp2 Am2 Tp3 Am3 (%) (°C) (°Cc
Q) ) (O (%) (S () (C) (%)
2 59.9 58 2727 557 4012 20.0 4527 16.6 2.0 240.7 468.3
5 70.6 6.3 2864 551 4189 214 4803 15.9 14 2526 499.2
10 81.8 6.0 2940 56.8 4249 218 513.0 139 11  256.0 529.7
15 93.9 50 297.0 56.6 4435 238 5489 13.0 1.0 2641 5624
20 91.4 75 3017 552 4501 223 559.6 14.2 05 267.0 5729
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Figure 8. Thermogravimetric thermograms (TG) and their first derivative traces (DTG) of SCG under an

oxidative atmosphere at B 2, 5, 10, 15, 20 °C-min‘%,

During heating, mass progressively decreased, revealing the presence of the mass loss regions of
decomposition of biomass pseudo-components. The initial mass reduction, with a contribution of ~6%
from 25 °C to 150 °C, is related to the moisture vaporisation, in line with results obtained using an inert
atmosphere. This stage is followed by the joint devolatilization of hemicellulose and cellulose with a
mass loss of ~55% between 170 °C and 350 °C. The overlapping of hemicellulose and cellulose
decomposition can be visually perceived in the DTG curves as a prominent peak with a shoulder at high
temperatures. Subsequently, lignin decomposition was identified between 350 °C and 450 °C, with a
~20% mass loss. The last process above 425 °C with a ~15% mass loss was ascribed to the
decomposition of char. After that, the mass loss increases quickly until temperatures of 550-650 °C, up

to virtually complete volatilisation. The minor residue (R) at the end of the analysis with a mass loss
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percentage below 2% may be attributed to the remnant ash. These values are in concordance with the

ash percentage reported in the proximate analysis of SCG.

As expected, heating rate variations affected both the TGA curve's shape and the DTG peaks. Increasing
the heating rate displaced all the curves and characteristic decomposition temperatures towards higher
values, as shown in Figure 9 for the onset, endset, and peaks for hemicellulose and cellulose (Tp1), lignin
(Tp2) and char (Tps). The zero-decomposition temperature (ZDT) for a virtually null heating rate was
calculated, together with the fitting parameters a, b and k, all gathered in Table 10, with R? values above
0.97. When B tends to zero, the onset temperature for the volatilisation of SCG was 232 °C, the
decomposition of the hemicellulose and cellulose became at 261 °C, that of lignin at 389 °C, with the

char decomposing at 431 °C, reaching the endset of the process at 446 °C.
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Figure 9. Evolution of the characteristic decomposition temperatures To, Te, Tp1 (hemicellulose+cellulose) Tp2 (lignin), @nd

Tps char) at P of 2, 5, 10, 15, 20 °C-min? under an oxidative atmosphere.
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Table 10. ZDT values (B — 0) along with the fitting parameters (a, b and k) and regression coefficients for the
onset (To), endset (Te), hemicellulose+cellulose (Tpa), lignin (Tp2) and char (Ty3) decomposition temperatures

under an oxidative atmosphere.

ZDT (§ — 0)

) a b k R?
Onset (To) 232.3 268.0 0.15 0.16 0.97
Hemicellulose+cellulose (Tp1) 261.1 300.9 0.15 0.20 0.97
Lignin (Tp2) 389.1 459.0 0.17 0.10 0.98
Char (Tp3) 4315 597.6 0.39 0.09 0.99
Endset (Te) 446.6 600.9 0.35 0.10 0.99

3.3.1. Kinetic triplet for the thermo-oxidative decomposition

Concerning the kinetic triplet, the activation energy, the kinetic function g(a), and the pre-exponential
factor were ascertained. As studied in an inert atmosphere, the Kinetic analysis's conversion degree (o)
was selected in the range of 0.2-0.8 to avoid heterogeneous initiation and end-stage reactions. Thanks
to the deconvolution analysis shown in Figure 10a for 2 °C-min™ and in Figure S3 of the Supplementary
Material for the other heating rates, the peaks related to pseudo-components and char were defined, the
individual conversion curves were gained through integration, as shown in Figure 10b, and their

activation energy was estimated.
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Figure 10. Lorentz-modelling of the thermogravimetric experimental results at a heating rate (B) of 2 °C-min™*
(a) and individual decomposition process for the pseudo-components at all heating rates (b) under an oxidative

atmosphere.
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Figure 11 shows the linearized plots for hemicellulose, cellulose, lignin and char for the three iso-
conversional methods (Friedman, FWO and KAS). The activation energy (E.) at each conversion degree
(a) was gained from the slopes of the tendency lines at different heating rates, which showed a degree
of correlation (R?) above 0.95 in the selected o range. Only for hemicellulose at a lesser conversion
degree (o) of 0.2-0.3, lower R? between 0.65 and 0.90 was found due to initiation reactions, while for
char R? between 0.74 and 0.94 was found when applying the Friedman method, especially low for high

conversion, when termination reactions occur.
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Figure 11. Friedman, FWO and KAS fitting plots of hemicellulose, cellulose, lignin and char for different o

under an oxidative atmosphere.
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The apparent E, is plotted in Figure 12 as a function of the conversion degree. A non-constant behaviour
with a generally decreasing outline was obtained with the advance of the conversion degree. Reasonably,
when conversion increased, highly oxidised pseudo-component units resulted in decomposition with
lower activation energy. Moreover, it can also contribute to the autocatalytic effect from heat released
during the chemical recombination of by-products generated during degradation, at the solid-gas
interface or within the solid matrix, which may increase the local temperature in the solid and enhance
decomposition [111]. Slight differences arise for the three calculation methods connected to their
differential (Friedman) or integral nature (FWO and KAS), ascribed to numerical differentiation [90].
The average values of apparent activation energy for the hemicellulose, cellulose, lignin and char are
gathered in Table 11. Although they mostly coincide with those reported in the literature, some
differences were found considering the study of dissimilar types of biomass. The achieved results for
the hemicellulose with a mean E, of 194 kJ-mol™* are comparable to those reported for the oxidation
stage of pure hemicellulose [112] but slightly above other values described for other biomass such as
persimmon harvest [110] or pinewood waste [101]. For cellulose, a mean E, of 147 kJ-mol* comply
results presented in other works dealing with pure cellulose [112] and other biomass such as persimmon
stems [110], rice straw [90] or olive oil solid waste [113]. The mean E, value of lignin is around 174
kJ-mol~, in line with what was found when assessing pure lignin [112]. Other studies found lower Ea
for lignin, but one must consider the particular biomass type and the deconvolution analysis conditions.
Particularly for lignin in SCG, and considering that its decomposition occurs in a wide temperature
range, it must be recognised that this process may be overlapped with other simultaneous secondary
reactions of intermediate by-products generated during the decomposition of hemicellulose, cellulose
and other minor components [114], which will subsequently determine its apparent activation energy.

Finally, the E, value of char was close to 100 kJ-mol™.
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Figure 12. Evolution of apparent activation energy in the range of o from 0.2 to 0.8 calculated with different iso-

conversional methods for the hemicellulose, cellulose, lignin and char under an oxidative atmosphere.

Table 11. Average values for the activation energy (E.) obtained with the different iso-conversional methods for

hemicellulose, cellulose, lignin and char under an oxidative atmosphere.

Friedman FWO KAS Ea-mean
EaFriedman Earwo Eakas (kJ ’ mOI_l)
(kd-mol ) RZ-mean (kJ-mol) R2-mean (kd-mol) R2-mean
Hemicellulose 174 + 26 0.92 204 + 24 0.95 204 £ 25 0.94 194 + 13
Cellulose 135 + 27 0.95 156 + 27 0.99 152 + 28 0.99 148 +8
Lignin 148 + 35 0.90 187 +41 0.97 184 + 42 0.96 173+ 17
Char 93+5 0.89 108 +5 0.98 100+5 0.98 100+5

The most appropriate kinetic model was graphically evaluated for the SCG pseudo-components using
reduced Master Plots. Figure 13 illustrates the experimental curves at a heating rate of 10 °C-min with
the theoretical g(a) curves. All the reaction pathways were comparable to the curves of the F, type
ascribed to random nucleation being n the number of nuclei or to the D3 type, in which three-dimensional
diffusion happens. An F, model was selected for hemicellulose. For cellulose, the Ds type was
established [115]. The lignin decomposition occurred following a model between the Fs; and Fa, with a
better correlation to the F4 type. These results are consistent with other studies in the literature dealing

with the oxidative decomposition of lignocellulosic biomass [90,110,115,116].
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Figure 13. Reduced Master Plots (lines) compared to the experimental decomposition process (circles) of

hemicellulose, cellulose and lignin at a heating rate of 10 °C-min-t under an oxidative atmosphere.

Afterwards, the pre-exponential factor A was calculated using the Coast-Redfern equation, and the

optimal analytical n was estimated for each pseudo-component. Figure 14 shows the plot of the In

(B i(za)) Vs. g at different heating rates for hemicellulose, cellulose and lignin. The application of the

Perez-Maqueda et al. criterion confirmed the proper selection of g(a) and models for hemicellulose

(Fa4), cellulose (D3) and lignin (F4).
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Figure 14. Application of the Perez-Maqueda et al. criterion for the simplified kinetic triplet of hemicellulose,

cellulose, and lignin at a heating rate of 2, 5, 10, 20, 30 °C-min! under an oxidative atmosphere.

Table 12 gathers the values for the pre-exponential factor, calculated as an average between the Ay at
the different heating rates and the calculated analytical order n for hemicellulose, cellulose and lignin
under an oxidative atmosphere. The obtained results for the pre-exponential factor A are in the same

magnitude as those reported for lignocellulosic biomass [90]. Only the one corresponding to lignin
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shows slightly greater values of A, given its high dependence on the activation energy. The analytical

calculation of n confirmed the reaction path selected in the graphical Master Plots.

Table 12. Frequency factor A, reaction model, and analytical reaction order calculated by applying the Perez-

Magqueda criterion for hemicellulose, cellulose and lignin under an oxidative atmosphere.

Ln(A) e (%) n-MP R? n-analytical
Hemicellulose 41.9 3.0 Fa 0.999 3.7
Cellulose 28.3 15 Ds 0.999 -
Lignin 28.6 0.4 Fa 0.997 3.6

3.4. Thermal vs thermo-oxidative decomposition

In this section, the similarities and differences between the thermochemical process undergone in both
inert and oxidative atmospheres are highlighted. First, the evaluation of the zero-decomposition
temperature (ZDT) plotted in Figure 15a demonstrated that both the onset and endset of the main mass
loss stage and the peak temperatures for the pseudo-components were generally lower under an oxidative
atmosphere, regardless of the heating rate. The contribution of oxidation reactions promoted the
generation of oxy-cellulosic materials in the SCG that decompose with the evolution of water, carbon
monoxide and carbon dioxide, together with the generation of carbonyl and carboxyl species that
contribute to accelerating degradation. Therefore, heating under an oxidative atmosphere results in a
combination of hydrolysis, oxidation, and thermal decomposition, which subsequently promotes rapid
and complete degradation of the SCG. The virtually null percentage of the ash residue at the end of the
thermo-oxidative reaction must be highlighted, which points out the convenience of using SCG for

combustion reactions.

However, the pyrolytic process under an inert atmosphere resulted in thermal decomposition reactions
involving chain breakages, molecular weight reduction, and recombination of chemical bonds to form
new volatile (H.O, CO2, CO and CH.), bio-oils (alcohols, esters, hydrocarbons and acids), and solid
compounds, such as the generated biochar at the end of the process, with a mass percentage of nearly
20% of the original biomass [32,38,40]. Biochar is a carbon-rich, porous solid produced after the partial

thermochemical decomposition of biomass after the elimination of volatile compounds such as gases,
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oils and tar, and it can contain carboxylates or salts of carboxylic acids and silicates [47]. The
microscopic surface of the biochar usually shows a micro-, meso- and macroporous carbon matrix
structure with a large specific surface area, active functional groups and high pH. These features give
biochar an excellent potential for being used as organic and inorganic pollutants adsorbent [117] or
catalyst for biofuel production [118], especially after being physically or chemically activated. It can
also be used as a soil conditioner to increase soil fertility and quality by increasing pH and microbial
activity, modulating moisture retention and improving cation exchange capacity [119]. Furthermore,
biochar has a high calorific value, so it can be used in the production of briquettes, an excellent substitute
for charcoal, that can be marketed as a household biofuel for fireplaces, stoves and also for powering

industrial boilers.

Figure 15b shows the value of E, for hemicellulose, cellulose and lignin in the two atmospheres, as
obtained from the average of the Friedman, FWO, and KAS methods. As expected, the average value
of Ea was generally higher in the inert atmosphere than in the oxidative one, as the reaction of the
pseudo-components and oxygen speeds up the degradation and decreases the value of the energy barrier.
Although the exception of lignin can be mentioned, the calculated average activation energies were
similar, considering the deviation from the different calculation methods. Additionally, as mentioned
before, lignin decomposition happens in a long temperature range and overlaps with other
decomposition and secondary reactions. This behaviour may promote difficulties in deconvolution,
especially at a low conversion degree, where a high E, for lignin was found under an oxidative
atmosphere. From a general perspective, the obtained apparent activation energies were aligned with

typical values of lignocellulosic biomass, as discussed in previous sections.

As for the E, evolution with conversion shown in Figure 15d, under an inert atmosphere, Ea rises during
the decomposition of hemicellulose, which describes the competitive nature of the process, and suggests
that the hemicellulose degradation path occurs through the random breaking of certain bonds of the
branched structure inside a cellulose and lignin polymeric matrix. Then it slightly decreased during the

degradation of cellulose. The E, reduction with conversion has been ascribed to the cellulose activation
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during the pyrolysis, which reduced its degree of polymerisation and subsequently the E. value [50].
Other authors for different lignocellulosic biomass also found that E. can remain constant during
conversion, which is ascribed to the absence of cooperative phenomena, suggesting that pyrolytic
degradation occurs on energetically equivalent intra or inter-particle bonds [58]. Finally, the E for lignin
increase again, as it has a complex structure, more difficult to decompose than cellulose, showing that
the kinetic parameters and reaction mechanism strongly depend on the conversion degree, typical of
multi-step reactions [120,121]. This behaviour was found in other studies dealing with the pyrolytic
decomposition of lignocellulosic biomass [32,40,68,107]. For the case of SCG, this overall E, variation
profile pointed out the pyrolytic decomposition as a multi-step reaction with the absence of autocatalytic

reactions [58].

Conversely, during decomposition under thermo-oxidative conditions, a non-constant decreasing profile
of Ea was obtained with the advance of the conversion degree for all the pseudo-components. When
conversion increased, highly oxidised units of biomass resulted in decomposition with lower activation
energy, together with the autocatalytic effect from heat released during the chemical recombination of
by-products generated during degradation, at the solid-gas interface or within the solid matrix, which

may increase the local temperature in the solid and enhance decomposition [111].

Figure 15c displays the values of the frequency factor (A) in the logarithmic scale of hemicellulose,
cellulose, and lignin under inert and oxidative atmospheres. The frequency factor describes the rate of
molecular collisions that occur in the chemical reaction. It is generally obtained experimentally to ensure
that the chemical reaction parameters (temperature, activation energy, and constant rate) conform to the
form of the Arrhenius equation. When the value of A is higher, it indicates a greater molecular collision,
which in turn requires more heat to be transferred because of the higher activation energy [122]. Given
the strong dependence of A on the activation energy, a similar pattern was found, being generally higher
under inert than oxidative atmospheres. The pseudo-components hemicellulose, cellulose and lignin

possessed a higher frequency factor the lower the temperature of their decomposition process, as found
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before for other lignocellulosic biomasses [110,123]. This is probably due to the greater energy demand

in the initiation stages for decomposing hemicellulose and cellulose.
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Figure 15. (a) Zero decomposition temperature (ZDT), (b) Average activation energy (Ea), (c) Frequency factor
(A) and (d) Evolution of E, with the conversion of hemicellulose, cellulose and lignin under inert and oxidative

atmospheres.

Finally, Table 13 summarises the reaction model, the kinetic function g(a) and the analytical reaction
order calculated by applying the Perez-Maqueda criterion for hemicellulose, cellulose and lignin under
inert and oxidative atmospheres. In general, similar decomposition modes were found regardless of the
atmosphere for hemicellulose (F4), hemicellulose (Ds), and lignin (F2a4), which proposes that the gas
atmosphere may not define their reaction pathway. Instead, this observation suggests that the
temperature, the reactant concentration, the particle shape and the diffusion of degradation products
indeed control the decomposition of SCG during non-isothermal pyrolytic or combustive processes.
Models applied to solid-state kinetics can be classified according to their mechanistic basis, i.e.

nucleation, geometrical contraction, diffusion and reaction order [86].
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Table 13. Reaction model, kinetic function g(a) and analytical reaction order calculated by applying the Perez-

Magqueda criterion for hemicellulose, cellulose and lignin under oxidative and inert atmospheres.

Inert Oxidative

n-MP  n-analytical g(a) n-MP  n-analytical g(o)

1 1
Hemicellul F 7 —_ F 7 —_—
emicellulose 4 3 a = )y 4 3 a =y

172 172
Cellulose D3 - [1 - (1 - a)3 D3 - 1-1 - a)

Lignin F 2.3 ! F 3.6 !

on! i ' ) ‘ ' 4 -o?

4, Conclusions

Under inert and oxidative atmospheres, the spent coffee grounds (SCG) exhibit thermogravimetric mass-
loss curves showing the sequential devolatilization of humidity, hemicellulose, cellulose, lignin and
char. Under inert conditions, biochar was generated (~20%), while under an oxidative environment,
complete volatilisation occurred. The contribution of oxygen to enhancing the decomposition of SCG

regardless of the heating rate was corroborated through the study of the zero-decomposition temperature.

The deconvolution of the thermogravimetric curves allowed for evaluating the particular kinetic triplet
for the pseudo-components: hemicellulose, cellulose and lignin. Although activation energy and pre-
exponential factors were lower during thermo-oxidative than thermal decomposition, very similar
kinetic functions were obtained for hemicellulose (F4) and cellulose (Ds) regardless of the reaction
environment. Lignin, with a more complex decomposition process overlapped with other constituents
in a wide temperature range, especially under an inert atmosphere, showed slight differences in the
reaction order. Mainly, the F, type was identified during pyrolysis and F4 in an oxidative atmosphere,
which demonstrates that the presence of the oxidation agent allows to speed up the reaction. Altogether,
the gas atmosphere did not alter the reaction models, suggesting that the reaction path was instead
controlled by the temperature, the reactant concentration, the particle shape and the diffusion of

degradation products.

The obtained kinetic parameters for the SCG’s pseudo-components are crucial for understanding the

thermochemical conversion of SCG, conducted through pyrolysis or combustion, and allow gaining
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knowledge for extending their valorisation possibilities, for successfully designing and optimizing
pyrolysis or combustion reactors, predicting material lifetime, CFD modelling, and establishing process
conditions. Overall, the SCG composition rich in carbon and oxygen with low nitrogen and null sulphur
content, low ash yield, and high calorific value (LHV and HHV close to 20 MJ-kg1), demonstrated the
convenience of using SCG as a renewable source in pyrolytic or combustive thermochemical conversion

reactions.
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